Lesser white-fronted goose (Anser erythropus) Ruokonen et al. 2007 Gender identification Old World vultures (Gyps species) Reddy et al. 2007 Identification of geographic origin Bearded vulture (Gypaetus barbatus) Gautschi et al. 2003 Galapagos tortoise (Geochelone nigra) Russello et al. 2007 Binturong ( contribute to captive breeding programs in many ways, and numerous methods for incorporating molecular data into captive population management have been described (Table 11 -1). The majority of widely applied methods, however, are focused on the accurate characterization of the individuals used to establish a captive stock, but are not related to the fundamental pedigree analyses that are used to select breeding pairs for the ongoing management and maintenance of captive breeding programs. For example, although it is invaluable to know that none of the captive Mexican wolf (Canis lupus baileyi) lineages contain any domestic dog (C. lupus familaris) or coyote (Canis latrans) ancestry (Hedrick et al. 1997) , this information informs the selection of inbreeding pairs only so far as to justify the inclusion of all individuals in the pool of potential breeders. Rather than focusing on previously well-described methods for using genetic data to characterize populations genetically and taxonomically, this chapter discusses the methods and prospects for incorporating molecular data into the pedigree analyses that most captive breeding programs use for ongoing genetic and demographic management. We start the chapter by providing a brief overview of common genetic terms used in pedigree and molecular analyses. We then discuss the goals of conservation breeding programs, and describe the methods typically used to genetically manage captive populations. The bulk of the chapter illustrates how molecular data can be incorporated into captive breeding programs to improve the effectiveness of pedigree-based population management. We discuss the benefits and limitations of different methods of incorporating molecular data into captive
The coefficient of kinship (or consanguinity) between two individuals (f ) is the probability that two alleles at a given locus, one randomly drawn from each individual, are "identical by descent" -that is, they are copies of the same piece of deoxyribonucleic acid (DNA) descended from a common ancestor (Falconer & Mackay 1996) . The concept is necessarily a relative one, in that all DNA can be traced back to a common source if the pedigree is extended far enough back in time. Therefore, in practice kinships are calculated relative to a baseline generation or source population in which all kinships are assigned to be 0, and alleles are all assumed to have independent origins. Subsequent to the base generation, if the parents of a diploid individual x are a and b, and the parents of individual y are c and d, then the kinship between individuals x and y is f xy = f yx = 1 4 ( f ac + f ad + f bc + f bd ) , and the kinship of individual x to itself is
An individual's mean kinship ( f ) is the average of pairwise fs between that individual and all living individuals in the population, including itself (Ballou & Lacy 1995; Lacy 1995) . Under random mating, the f of an individual is the expected inbreeding coefficient of its offspring. Furthermore, an individual's f also provides a measure of its genetic representation in a population; individuals with high f have many living relatives and, thus, their alleles are well-represented, whereas individuals with low f are poorly represented because they have few living relatives.
Inbreeding coefficient
The inbreeding coefficient (F) of an individual is the probability that, at a given locus, both alleles are identical by descent (Falconer & Mackay 1996) . Thus, an individual's F is equal to the f between its parents. If the parents of individual x 
Given this equality, F x also can be substituted into the equation for calculating an individual's kinship to itself:
Coefficient of relationship
The coefficient of relatedness (r) between two individuals is the probability that, at a given locus, an allele sampled from one individual is identical by descent to at least one of the alleles at that locus in the second individual. (It should be noted that other authors have sometimes used the symbol r for the coefficient of kinship, f, as well as for other measures of relationship. We will use it here in the more consistent and precise sense of being the coefficient of relatedness as just defined.) In a noninbred, diploid population r is equal to 2f; however, with inbreeding, the two measures of relatedness diverge, and r becomes less than 2f. Numerous methods for estimating r from molecular data have been proposed for a variety of markers (e.g., Queller & Goodnight 1989; Lynch & Ritland 1999; Wang 2002) . The performances of microsatellite-based estimators have received the most study, and have been shown to vary with the number of microsatellite loci employed, the numbers and frequency distributions of alleles at each locus, and the composition of relationship categories present in a population (Queller & Goodnight 1989; Ritland 1996; Lynch & Ritland 1999; Van de Casteele et al. 2001; Wang 2002; Milligan 2003 ). An individual's relationship to itself is always r = 1, and this measure of relatedness contains no information about the level of inbreeding. For that reason, and because r is not directly proportional to gene diversity (see next section), r is generally less useful for pedigree analyses and captive population management than is f.
Gene diversity
Gene diversity (G) is a common measure of genetic variation that can be calculated from both pedigrees and molecular data. G is defined as the heterozygosity expected in a random mating population, and it reflects both number of alleles and evenness of allele frequencies. When calculated from molecular data (e.g., microsatellites), the G of a single locus is
where p i is the frequency of allele i, and the summation is over all alleles at a locus (Nei 1973) . Multiple, single-locus estimates of G can be averaged to provide a measure of genome-wide variation. When calculated from a pedigree, in which f is the average f in the population -that is, the mean of all pairwise kinships. An important distinction between molecular and pedigree-based measures of G is that molecular estimates represent the heterozygosity of alleles that differ by state (i.e., in molecular structure), and pedigree-based measures represent the probability that the two alleles at a locus are not identical by descent from a common ancestor in the pedigree. In a randomly mating population, an individual's f is the expected inbreeding coefficient of that individual's offspring. By extension, f is the expected mean inbreeding coefficient of all offspring. Thus, f and p 2 i are conceptually equivalent because they both represent the average probability that an individual is homozygous at a given genetic locus. It is important to note, however, that the meanings of "homozygous" associated with the two concepts are not identical because one refers to identity by descent (pedigree-based measure) and one refers to identity of state (molecular measure). The difference in meaning between molecular and pedigree-based measures of G vanishes when diversity is expressed as a proportion of that in the defined baseline, or reference, population (e.g., the population founders). The proportional loss of molecular homozygosity due to accumulating kinship within a breeding population, relative to the reference population, is expected to be f . The G of the reference population in pedigree analyses is defined to be 1.0 because founders are assumed to be noninbred and to share no alleles that are identical by descent. Thus, the proportional change in heterozygosity (the decay through generations due to identity by descent) is expected to be the same whether measured by allele frequencies or pedigree-based kinships.
Gene diversity is more than just a convenient metric for quantifying the amount of genetic variation within a population. Gene diversity is proportional to the additive genetic variance in traits controlled by those loci, and therefore is proportional to the expected rate of response to selection (Falconer & Mackay 1996) . Thus, the loss of gene diversity is both a measure of the accumulated inbreeding that can depress fitness of individuals and a measure of the loss of the population's potential for future adaptive evolution.
Applying concepts to incomplete pedigrees
Accurate, pedigree-based calculations of kinship, inbreeding, and gene diversity are possible only when pedigrees are completely known. Many captive populations, however, have missing or questionable parentage records that create ancestry gaps that result in incomplete pedigrees. To facilitate the calculation of genetic parameters in these situations, Ballou and Lacy (1995) developed algorithms for calculating f, f , and f from only the fully known lineages within each individual's pedigree. These algorithms use the proportion of an individual's genome that can be traced to known founders (k). Individuals with completely known ancestry have a k of 1 and individuals with no known ancestry (two unknown parents) have a k of 0. For any other individual,
where a and b are the parents of individual x.
The kinship between individuals x and y ( f xy ) is the probability that an allele sampled from the known portion of y's genome is identical by descent to an allele sampled from among x's known maternal alleles, multiplied by the probability that a known allele sampled from x is maternally derived, plus the probability that the allele sampled from y is identical by descent to an allele sampled from among the known paternal alleles in x multiplied by the probability that a known allele sampled from x is paternally derived. Thus,
where m and p, respectively, refer to the dam and sire of individual x. The value of f xy is undefined if individual x has no known ancestry. The kinship of an individual to itself is the probability that two alleles sampled with replacement from the known portion of the individual's genome are both the maternal allele, plus the probability that the two sampled alleles are both the paternal allele, plus the probability that one of the sampled alleles is maternal and the other is paternal multiplied by the probability that the maternal and paternal alleles are identical by descent. Thus,
To calculate f and f from incomplete pedigrees,
Although these algorithms currently provide the only option for conducting pedigree analyses on incomplete pedigrees, short of either presuming that any undocumented parents were new, unrelated founders or excluding from analysis all animals with incompletely documented ancestries, their use is suboptimal because they produce values that can be either larger or smaller than the true values that would be calculated if the pedigree were completely known. Still, it is important to note that the algorithms are unbiased, as they assume that the probabilities of identity by descent are the same for alleles descended from unknown parts of the pedigree as they are for those alleles descended through traceable lineages.
AN INTRODUCTION TO CAPTIVE BREEDING PROGRAMS
The basic goal of most captive breeding programs is to maintain demographically self-sustaining populations that are genetically representative of their wild counterparts. Thus, in essence, captive breeding programs strive to prevent the evolution of captive populations away from the wild gene pool. This prevention is accomplished through careful genetic management that aims to retain genetic diversity, restrict inbreeding, and limit adaptation to captivity. Captive breeding Using molecular methods to improve the genetic management 273 programs generally experience three demographic phases (Ballou & Foose 1996) : founding, growth, and maintenance ( Fig. 11-1 ).
The first phase of any captive breeding program is the founding of a captive population. Founders should genetically represent, as closely as possible, the species or population for which captive management is being initiated. Thus, the gene pool of the founders would ideally capture all possible alleles, at the same frequencies and linkage combinations observed in the wild. A common recommendation is that a captive population should have at least twenty unrelated founders, which would retain 97.5% of the gene diversity of the wild population from which they were randomly sampled ( Fig. 11-2 ; Foose et al. 1986; Soule et al. 1986; Lacy 1994) . For example, the recent population management guidelines for establishing captive assurance populations of threatened amphibians makes this explicit recommendation (Schad 2008), but then appropriately notes that usually more, and sometimes many more, than twenty individuals will need to be captured from the wild to assure that at least twenty successfully breed to establish the captive population.
Although founders are ideally unrelated, it is generally difficult, if not impossible, to ascertain relationships among wild-caught animals. Lacking such information, captive population founders are nearly always assumed to be unrelated. In other words, the founders are declared to be the baseline population for future kinship calculations. This means that captive breeding programs, at their best, retain the genetic variation that was present in the founders, with often considerable uncertainty regarding how well those founders represented the wild population(s) from which they came.
After captive populations are founded, the second phase of most captive breeding programs is population growth. The goal is to increase a newly founded population to a demographically self-sustaining size, while retaining both the allelic diversity and gene diversity (i.e., expected heterozygosity) captured by the founders. Captive populations should be grown as quickly as possible, because slower growth generally increases the likelihood that founders will die before contributing sufficient offspring to the breeding program. The probability that a given founder allele fails to be passed to a founder's offspring, and is therefore lost from a population, is equal to (0.5) n , where n is the total number of offspring produced by the founder. Thus, for a given founder allele to be retained with a 99% probability, a founder must produce at least seven offspring ( Fig. 11-3 ). Jamie A. Ivy and Robert C. Lacy Number Alleles are transmitted within linkage groups, rather than independently, however. Given the number of linkage groups in a typical vertebrate genome, a founder would need to produce at least twelve offspring to assure that all of its alleles were passed to its offspring with a 99% probability (Thompson 1995) . Although the probability that a given founder's alleles will be retained increases as it produces more offspring, gene diversity will be maximized if all founders produce equal numbers of progeny. Thus, the two primary guidelines for captive population growth generally are 1) to grow the population as quickly as possible and 2) to have founders equally contribute to population growth. The final phase of most captive breeding programs is population maintenance, during which a captive population is maintained at a carrying capacity that is usually dictated by the maximum size that can be supported by the resources (e.g., cage space) allocated by the institutions cooperating in the breeding program (Earnhardt et al. 2001 ). This allocation of resources is in turn often driven by the calculated number of breeders needed to maintain an acceptably low rate of gene diversity loss (Ballou & Foose 1996) . For example, the target carrying capacity for okapis (Okapia johnstoni) in North American zoos is 200 animals (Petric & Long 2008) . The target was set much higher, to 480 animals (Ballou & Mickelberg 2009 ), for golden lion tamarins (L. rosalia), because the species has a shorter generation length and therefore will lose genetic diversity more rapidly over time. At the capacity stage, after the desired population size has been reached, refined genetic management becomes a priority. The best methods for retaining genetic diversity, while still limiting inbreeding, are those that minimize the average kinship in a population (Ballou & Lacy 1995; Fernandez & Toro 1999; Sonesson & Meuwissen 2001) . Methods for minimizing average kinship preferentially breed Figure 11-3. Probability that a unique founder allele is retained in a captive population as a function of the number of offspring the founder produces. For a given founder allele to be retained among the progeny with a 99% probability, a founder must produce at least seven offspring.
individuals that have the lowest f , thereby equalizing founder contributions in the living population and retaining the genetic variation initially captured in the founders. By maintaining captive populations that genetically resemble their wild counterparts, captive breeding programs also aim to limit adaptation to captivity. Adaptation to captivity is a complex concept, however, because it can involve multiple genetic loci influencing multiple quantitative traits, which in turn can be subject to genotype-by-environment interactions. Furthermore, the manner in which a species may adapt to captivity is hard to predict, and the genes that may contribute to adaptation are difficult to identify. Although the effectiveness would be difficult to evaluate, preferentially breeding those animals with the lowest f will slow adaptation to captivity. When breeding individuals are selected by f , they are selected without regard for phenotype. Moreover, families with previously low survival or breeding success will be selected first for breeding, thereby working to equalize family sizes and countering, to the extent possible, natural selection for traits that might be adapted while in captivity. The equalization of family sizes is expected to halve the rate of adaptation to captivity, because selection is restricted to differential reproduction among siblings within families as selection between families is removed (Haldane 1924; King 1965; Frankham & Loebel 1992; Allendorf 1993; Lande 1995; Frankham et al. 2000) . Alleles that prevent survival or reproduction in the captive environment will still be removed by selection, however, and family sizes will be difficult to equalize if reproduction and/or survival in captivity is poor. Breeding pairs often produce fewer or more offspring than desired, and culling excess to equalize family sizes is not always an acceptable option for endangered species and is not an efficient use of limited resources for population maintenance. Selection of breeding pairs by mean kinship is an efficient method to equalize family sizes to the extent possible, including preferentially breeding lineages that are under-represented due to poorer-than-desired breeding in prior generations, so that through the generations the representation of lineages is held as close to equal as possible. Although breeding pair selection schemes that use f likely reduce adaptation to captivity, little quantitative information is available regarding the extent to which real breeding programs can approximate an equalization of family sizes, the strength of remaining within-family selection for adaptations to the captive environment, or the rate of response to such selection pressures.
METHODS FOR INCORPORATING MOLECULAR DATA INTO CAPTIVE BREEDING PROGRAMS
Resolving pedigree gaps and identifying pedigree errors
Sources of pedigree errors and types of pedigree gaps
A fundamental way that molecular data can increase the effectiveness of captive breeding programs is to improve the accuracy and completeness of pedigrees. Captive breeding programs rely on pedigree analyses (f and f calculations) to select breeding pairs that will retain genetic diversity and limit inbreeding. Thus, the true effectiveness of genetic management is dependent on the accuracies of the pedigrees on which those analyses are based. Pedigree inaccuracies can arise through human error if, for example, an offspring's sire or dam is incorrectly recorded (e.g., Tzika et al. 2009 ). Errors also can be introduced into a pedigree by the behavior of the animals themselves. For example, the females of some bird species are known to "dump" eggs into nests of other females (Yom-Tov 1980; Petrie & Moller 1991; Zink 2000) . If multiple breeding pairs of the same species are housed together and egg dumping occurs, a female may be erroneously assumed to be the mother of all the offspring in her nest. Identifying and resolving errors improves the accuracy of kinship calculations, which increases the true effectiveness of genetic management. Furthermore, the frequency of pedigree errors is currently rarely assessed, and reports of gene diversity and inbreeding levels in captive populations usually presume that pedigrees are recorded without error. This presumption is particularly problematic because those reports are often used to assess program success, so establishing pedigree accuracy also improves our ability to evaluate the status of captive breeding programs. In addition to improving pedigree accuracy, molecular data also can be used to resolve pedigree gaps (e.g., Field et al. 1998; Zhang et al. 2005; Ivy et al. 2009 ). Gaps in a pedigree can arise for a variety of reasons. Before captive populations were recognized as important resources for conservation, historical parentage records were inconsistently maintained because few captive populations received regular genetic management. Thus, many contemporary captive populations have gaps deep in their pedigrees because they were initially founded during a time when accurate parentage records held little value. Captive breeding programs now strive to maintain complete pedigrees, but cases of unknown parentage still continue to arise in some situations. For example, many species are housed in groups that contain multiple males. If all males in a group are capable of siring offspring, the paternities of offspring born to the group are inherently Although gaps can be distributed throughout a pedigree, they often are characterized as being either historical or contemporary (Ivy et al. 2009 ). Contemporary gaps occur in the recent pedigree, and generally impact a limited number of individuals. For example, if a living animal with unknown parentage has not yet produced offspring, only the relationships between that individual and the rest of the population will be uncertain. Historical gaps occur deep in a pedigree, and can impact a significant proportion of the living population if the animal with unknown parentage has many descendants ( Fig. 11-4 ). For example, consider a population in which 10% of living individuals are descended from an individual with unknown parentage. Even if the sires and dams of all of the living individuals are known, the relationships between all of those individuals and the rest of the population will be uncertain due to the unknown ancestry deeper in their pedigrees. This problem is compounded as the number of historical pedigree gaps increases and higher proportions of living descendants have unknown ancestry. In a sense, all captive populations have deep historical gaps because the founders of the pedigree were assumed to be unrelated. Using molecular data to identify errors and resolve gaps Numerous types of molecular markers can be used to resolve gaps and ascertain the accuracy of pedigrees. Some common markers used for parentage analyses (see DeWoody 2005 for an overview) include restriction fragment length polymorphisms (RFLPs), mitochondrial DNA (mtDNA) haplotypes, and single nucleotide polymorphisms (SNPs). Each marker has benefits and drawbacks, and each marker type has unique characteristics that must be considered before it can be effectively applied to parentage analyses. One of the most common markers used to investigate parentage is single sequence repeats (SSRs). SSRs, or microsatellites, are biparentally inherited markers that are generally assumed to be selectively neutral. They are a popular choice for parentage analyses because, when compared to other molecular markers, microsatellite data are relatively easy to collect and only a few, suitably variable loci are usually required to ascertain parentage. Molecular data can be used to establish parentage through either exclusion or assignment. For parentage exclusion, the genetic profiles of putative parents and offspring are compared to identify incompatibilities (Fig. 11-5) . A putative parent is rejected as the sire or dam of an offspring if, at a given locus, the putative parent and offspring share no alleles. The probability that a given set of molecular loci will correctly exclude a potential parent is based on both the number of alleles and allele frequencies exhibited by the assayed loci (Selvin 1980) . Exclusion probabilities rise as numbers of loci increase, numbers of alleles per locus increase, and allele frequencies become more uniform. Many captive populations exhibit low genetic variation because they were founded by small numbers of individuals. This problem is often exacerbated in breeding programs for endangered species (i.e., those of greatest conservation concern), because the small, wild populations from which founders were obtained often also had low genetic variability, fewer founders were initially available to establish the captive breeding program, and it is difficult or impossible to add more founders to augment genetic variation as time goes on. Thus, on average, a greater number of molecular markers may be needed for effective parentage exclusion in captive populations than in wild populations. Although parentage exclusion can be effective at ascertaining parentage, it does have limitations. For parentage exclusion to be maximally effective, genetic profiles must be available for all potential parents. Furthermore, suites of molecular loci with low exclusion probabilities may exclude only some of all possible parents.
If parentage exclusion identifies two or more genetically plausible parents when all possible parents have been sampled, molecular data can be used to assign the most likely parent to an offspring. A number of different likelihood-based methods of parentage assignment have been proposed, but categorical allocation is usually the most appropriate for captive populations because it assigns an entire offspring to a single sire or dam (fractional allocation assigns a portion of an offspring to each potential parent; Jones & Ardren 2003) . Parentage assignment can be quite effective in some situations, but there is always some uncertainty associated with assigned parentage. Parentage assignment identifies the most likely parent of an offspring, but any potential parent that cannot be genetically excluded has some probability of being the actual parent of the offspring. Thus, if all possible parents have been sampled, and parentage exclusion identifies two or more genetically plausible parents, captive breeding programs should attempt to increase their exclusion probabilities by adding additional marker loci before resorting to parentage assignment.
Regardless of the type of analysis employed, the effectiveness with which molecular data are able to ascertain parentage is dependent on sample availability. Genetic samples are rarely available for animals that are no longer living in a captive population, because the banking of samples from all animals is not routine. Still, programs like the San Diego Zoo's "Frozen Zoo" (Benirschke 1984) provide access to many more genetic samples than were available in the past. As the number of genetic samples that are banked continues to increase, pedigree gaps and uncertain parentage will become easier to investigate. Computer simulations have suggested that, for captive breeding programs that aim to minimize average kinship, recent ancestry has a greater influence than deeper ancestry on the retention of genetic diversity and the accumulation of inbreeding (Rudnick & Lacy 2008) . Consequently, if a captive breeding program has a significant number of gaps spread throughout its pedigree, resolving even only the contemporary gaps can still significantly improve genetic management.
Estimating relatedness between individuals with unknown ancestry
Improving the completeness and accuracy of pedigrees can positively impact the management of captive breeding programs, but some captive pedigrees are riddled with historic gaps that can not be directly resolved. If a significant proportion of a living population has uncertain ancestry due to irresolvable pedigree gaps, molecular data can be used to quantify relationships by estimating r for pairs of individuals. Captive breeding programs select breeding pairs based on f , which are calculated from a matrix that contains the f for each possible pair of individuals living in a population (Fig. 11-6 ). When pedigree gaps are present, each f is calculated from only the known portions of pedigrees (Ballou & Lacy 1995) . The accuracy and value of these estimates decrease, however, as less of an animal's ancestry is available for the calculations, and no estimate is possible if neither parent is known. Molecular estimates of r can be used to modify or replace Figure 11-6. Kinship (f) matrix for five individuals, with resultant mean kinship values ( f ) for each individual listed on the right. Individual identification numbers (IDs) are given across the top and down the left side of the matrix. An individual's f to itself is shaded in gray, which helps to illustrate that the matrix is symmetric. Individual 4 is not related to any other individuals in the matrix and, thus, has the lowest f . Individual 3 is slightly inbred, as its f to itself is greater than 0.5 (i.e., the value expected for noninbred individuals). Individual 5 has the highest average relationship to the rest of the individuals in the matrix, with f = 0.17.
f in calculations, but genetic management is improved only if the incorporation of molecular estimates of relatedness increases the accuracy of those calculations.
Directly replacing f with an estimate of r derived from molecular data
Both r and f are measures of the ancestry shared by two individuals; thus, estimates of r could be used to replace estimates of f in the matrix used for mean kinship calculations. In the absence of inbreeding, the resulting matrix of r would be twice the matrix of f, so assessments of the proportional value of breeders would be the same. The most significant challenge to directly using molecular estimates of r in these calculations is that the estimates are notoriously inaccurate and suffer from large sampling variances (Csillery et al. 2006 and references therein). For example, unrelated individuals are expected to exhibit an r of 0.0000 in a noninbred, diploid population. When using a suite of ten microsatellite loci that each exhibit ten alleles at equal frequencies, however, the mean and standard deviation of r for 10,000 simulated pairs of unrelated individuals is 0.0002 ± 0.1069 ( Fig. 11-7A ). The r distributions of full-siblings and half-siblings also overlap in this simulation (Fig. 11-7A ), further demonstrating the inaccuracy of r estimates that are based on the modest number of markers that are typically readily available for endangered species. The accuracies of r estimators have been shown to be affected by the number of microsatellite loci employed, the numbers and frequency distributions of alleles at each locus, the composition of relationship categories present in a population, and the reference population from which allele frequencies are calculated (Queller & Goodnight 1989; Ritland 1996; Lynch & Ritland 1999; Van de Casteele et al. 2001; Wang 2002; Milligan 2003; Bink et al. 2008) . Standard suites of microsatellites generally range from five to twenty loci, which are highly unlikely to produce estimates of r that are precise enough to produce calculated values of mean kinships that are sufficient to guide selection of the best breeding pairs. In the event that a suite of microsatellites is determined to produce sufficiently precise estimates of r, values of r and f still can not be directly substituted for each other due to differences in their definitions. In a noninbred, diploid population, f can be replaced by 1/2, but this equality fails to hold as inbreeding accumulates in a population. Additionally, whereas calculations of f from pedigrees range 
Coefficient of Relatedness (r )
Figure 11-7. Means and standard deviations for four relationship categories, calculated from A) 10 microsatellite loci and B) 500 microsatellite loci. For each relationship category, 10,000 simulated pairs were used to calculate means and standard deviations. The microsatellite genotypes for all simulated individuals were drawn from loci that exhibited ten alleles at equal frequencies.
from 0 to 1, estimates of r based on molecular data can be negative because a pair of individuals can share fewer alleles even than what would be expected by chance if they were unrelated (r = 0). Yet, in the context of pedigree relationships, individuals can not be less related than having no common ancestors. Computationally, negative values could be incorporated into f calculations, but it can be difficult to interpret negative r values in the context of f. There is another reason to exercise caution when using molecular estimates of r to guide captive breeding programs. Conceptually, there is a subtle difference in the genetic goals being pursued by pedigree-based and molecularly based breeding strategies; pedigree-based breeding strategies (i.e., mean kinship breeding schemes) aim to keep the genetic contributions of all founders as constant as possible through subsequent generations, whereas breeding strategies that use empirical estimates of relatedness as the basis for selecting pairs preferentially breed those individuals with the most distinctive array of alleles at the sampled loci ( Jones et al. 2002) . In the former case, the breeding program will seek to minimize homozygosity due to common descent (autozygosity) and maintain allele frequencies across all loci as closely as possible to the frequency distribution in the wild-caught founders. In the latter case, the breeding scheme will seek to minimize homozygosity due to both 1) identity by descent and 2) identity of state from independent origins (allozygosity), and to maintain allele frequencies at the sampled loci as evenly as possible. If large numbers of unlinked, fully neutral loci are used for the estimation of relatedness, however, then the extent of allozygosity among pair-wise comparisons should be relatively constant and estimates of r should be proportional to the true, but perhaps not otherwise knowable, pedigree relationships.
Estimates of r from molecular markers are often strongly influenced by the alleles that are present in only one or a few individuals, and individuals carrying rare alleles will often be accorded preference in breeding, either because of their lower estimated kinships to the population or even specifically as a means to retain rare alleles that otherwise would be at high risk of being lost from the population. It is important to note, however, that the conservation goal of captive breeding programs is rarely to preserve the specific alleles present at the sampled loci, but rather to preserve diversity across the entire genome to retain, as closely as possible, the characteristics of the wild population in the captive stock. Moreover, if one or more of the sampled loci are linked to (or are themselves) loci under selection, then individuals with unique alleles might be carrying rare, deleterious alleles. Preferentially breeding these individuals will increase heterozygosity at the sampled loci, but it will do so by shifting allele frequencies away from those of the founders, possibly increasing the frequency of alleles that were under negative selection in the wild population. More work is needed on the likelihood of linkage of commonly used markers (e.g., microsatellites) to loci under selection before we can know whether rarer alleles are simply more informative about relationships, as is commonly assumed, or also sometimes reflect the consequences of past natural selection.
As microsatellite characterization technologies improve and microsatellite data become less costly to collect, it may one day be possible to use hundreds of microsatellites to calculate r for some species. Even with a suite of 500 unlinked microsatellite loci that each exhibit 10 equally frequent alleles, r estimates for a range of relatedness categories still exhibit standard deviations near 0.01, however (Fig. 11-7B ). It is currently unclear what level of accuracy is needed for r estimates to be beneficially incorporated into f calculations. Thus, additional research is necessary to identify the most likely scenarios for which estimates of r could be directly used to improve the genetic management of captive populations.
Using molecular estimates of r to identify relationship categories
When typical suites of molecular markers are employed, relatedness estimators have been shown to be sufficiently accurate for distinguishing first-order relatives from unrelated individuals (Piper & Rabenold 1992; Blouin et al. 1996; Glaubitz et al. 2003) . Thus, rather than using estimates of r directly in mean kinship calculations, a more useful way of incorporating r into captive population management might be to use them for identifying degrees of relationship (Ivy et al. 2009 ). If pairs of individuals with little or no known ancestry could be assigned to relationship categories, inaccurate estimates of f in the matrix used for f calculations could be replaced with new values to represent specific degrees of relationship. For example, if an r estimate suggested that two individuals were first-order relatives, their f might be set to 0.25 (the theoretical value expected for that relationship). For a given suite of microsatellites, empirically determined allele frequencies can be used to simulate pairs of individuals that represent various relationship categories. Means and standard deviations can then be calculated across hundreds or thousands of pairs to describe the expected distributions of r values representing each type of relationship ( Fig. 11-7) , and each pair of individuals can be assigned a degree of relationship based on the distribution into which their r falls. When the distributions of two relationship categories overlap, the midpoint between the means can be used as a cutoff for assigning a pair to one category or the other (Blouin et al. 1996) . For example, consider the overlapping full-sibling and half-sibling r distributions illustrated in Fig. 11-7A . The midpoint between the distribution means is 0.3741. Thus, for pairs that exhibit r values between the distribution means, pairs with r values greater than the cutoff would be classified as full-siblings and pairs with r values less than the cutoff would be assigned as half-siblings or to lesser degrees of relatedness.
Estimates of r theoretically can be used to discriminate among numerous relationship categories. The sampling variances associated with a given suite of molecular markers, however, limit the level of discrimination possible. As the number of potential relationship categories to be considered increases, more distribution overlap will be observed, and it will be harder to conclusively place a pair of individuals into a given relationship category. Furthermore, relationship categories of the same order often have similar means and distributions (e.g., full-siblings and parent-offspring pairs both exhibit a mean r of 0.5; Fig. 11-7) . Because f calculations use f values rather than specific relationship categories, it is more important to correctly identify the order of relationship than the actual type of relationship that exists between two individuals. In other words, if r suggests that two individuals are either siblings or a parent and offspring, identifying the correct relationship category is less important than identifying that the individuals are first-order relatives with an expected r of 0.5. Standard suites of ten to twenty microsatellites should often be sufficient for distinguishing among first-order relatives, second-order relatives, and unrelated individuals with acceptable confidence, but differentiating among more distant relationship categories is likely beyond the capabilities of most molecular studies.
The suitability of a given suite of molecular markers for distinguishing among relationship categories can be evaluated by a number of methods. One option is to calculate misclassification rates for a range of relationship categories (Blouin et al. 1996) . After r distributions have been generated, misclassification rates can be calculated by simulating individuals of a given relationship category and 26, 2010 21:18 quantifying the proportion of those individuals that are incorrectly assigned to an alternate category. A second option for assessing the suitability of molecular markers for distinguishing among relationship categories is to estimate the proportion of variance explained in the marker-based relatedness by true relatedness (Van de Casteele et al. 2001) . For a given relationship category, the proportion of variance explained by true relatedness can be calculated from the sampling variance associated with the distribution of r values for that category. It is currently unclear what misclassification rates and proportions of variance explained by true relatedness are needed for r estimates to be beneficially incorporated into mean kinship calculations. It is likely, however, that different levels of accuracy of estimated r will be acceptable for different pedigrees that exhibit variable amounts of unknown ancestry. For example, more accurate estimates of r may be required if little unknown ancestry is present and the pedigree-based values of f are already fairly accurate, whereas less accurate estimates of r might be acceptable if the amount of unknown ancestry in a pedigree is so large as to prohibit meaningful kinship calculations from pedigree information alone. Molecular markers can be powerful tools for inferring relationship categories, but inconsistencies in category assignment can arise when multiple pairs of individuals are considered simultaneously. For example, it is possible for r estimates to suggest that an individual is closely related to one of a known sibling pair but unrelated to the other sibling. Although there are no mathematical reasons why these relationship category assignments can not be incorporated into f calculations, results such as these are difficult to interpret in the context of a pedigree. Because these types of situations can arise for empirical estimates of r, it is important that the assignments of relationship categories be carefully considered both against each other and in conjunction with any ancillary pedigree information that might be available. Even if one or both parents of an individual are unknown, there may still be information available about the birth date, birth location, and possible parents. This information can be used to either support or refute relationships suggested by molecular estimates of r (Gautschi et al. 2003; Ivy et al. 2009 ).
Although the focus of the discussion has been on using molecular data to improve captive breeding programs for endangered species, in which the genetic goal is to minimize genetic change through generations, the methods we discuss for using molecular data also apply to programs that use artificial selection to improve aspects of performance of economic gain. The Chapter 11 Box describes the use of molecular data to identify categories of kinship in a population of trees, for which direct tracking of pedigree relationships through generations would be difficult and require many years.
Using molecular data to manage breeding programs for organisms living in groups
Pedigree analyses and the genetic management of breeding programs have historically been focused on species that can be placed in pairs for breeding, so that pedigree records on parentage can be maintained and pairings can be controlled. As described earlier in this chapter, pedigree information is often incomplete 26, 2010 21:18 Using molecular methods to improve the genetic management 285 for a variety of reasons. Thus, molecular data can be a powerful tool for providing missing relationship information so that captive breeding programs can be more effective at minimizing genetic change (see Chapter 10 by Waples and colleagues). For many species that require captive breeding programs for their conservation, however, genetic management problems go beyond simple gaps in the pedigree or the uncertain ancestry of some individuals. The requirements of a species and constraints on breeding facilities often necessitate that breeding populations be maintained in large groups with multiple males and females with no possibility for controlling pairings, often little opportunity to observe parentage, and sometimes limited ability to identify and monitor individuals through their lifetimes. Examples of species that are maintained and bred within groups include antelope species which are adapted to living in herds, bats, penguins, flamingos, and other species that breed within colonies and often need the stimulation or protection of a colony before they will breed, and small species such as many frogs, insects, snails, and fishes for which it is usually impractical to manage as individuals or pairs maintained in separate enclosures. Increasingly, it is being recognized that species that are difficult or impossible to manage with traditional pedigree-based methods include many that are threatened with extinction. For example, some of the highest levels of endangerment and extinction are among the freshwater fishes, terrestrial and freshwater mollusks, coral reef inhabitants, and amphibians (Baillie et al. 2004; IUCN 2008 ). Due to the difficulties inherent in trying to manage group-living species as individuals, some breeding programs rely on breeding schemes that manage movements of individuals among breeding groups, rather than on trying to control each pairing, to maximize retention of genetic diversity within and among groups. Methods such as maximum avoidance of inbreeding (Kimura & Crow 1963; Princée 1995) rotate one sex or the other through breeding groups to delay inbreeding and equalize group contributions to future generations. Such regular systems of breeding can be difficult to sustain for many species of wildlife, however, because successful reproduction is often not sufficiently reliable to prevent the failure of some groups. Still, if the survival and reproduction of groups and the transfers among groups can be carefully monitored, then the within-and between-group gene diversity, and pair-wise estimates of genetic divergence, can be used to determine the optimal transfers that retain overall genetic variation while avoiding excessive within-group inbreeding (Wang 2003 (Wang , 2004 .
When species must be managed as groups, molecular data can be used to monitor and enhance breeding schemes that are based on the transfer of individuals (e.g., maximum avoidance of inbreeding). The rate of gene diversity loss from groups and divergence among groups can be empirically measured to determine if breeding programs are performing as desired. This information can be particularly informative because, given the lack of control over the pattern of breeding within most groups (e.g., all the breeding could be done by one pair per group or could be spread among multiple pairs), the actual structure of genetic variation among groups could diverge substantially from that expected under theoretical models.
Molecular estimates of gene diversity also could be used in addition to or in place of models based on group histories to guide animal transfers among groups. The observed gene diversity of an overall population can be partitioned February 26, 2010 21:18 into between-(G b ) and within-(G w ) subpopulation components (Nei 1973) , and the concept of kinship, defined as the probability that alleles sampled from two entities are autozygous, can be applied to between-group relationships (G b ) as well as relationships among pairs of individuals (f and r). Mathematically and conceptually, the gene diversity between entities (when scaled so that complete lack of alleles shared by common descent is assigned G = 1) is the same as the converse of kinship (1 -f) between those entities, whether the entities are individuals, breeding groups, or larger populations. Thus, in direct parallel to traditional pedigree management focused on individuals, crossing between groups with lowest kinship (highest G b ) will result in a minimization of inbreeding (1 − G w ), and preferentially propagating the groups that have lowest mean kinship (highest mean G b to the array of groups) will maximally retain overall gene diversity and slow the response to natural selection by countering the betweengroup component of selection.
Just as the precisions of r estimates between individuals are strongly dependent on the number of loci sampled, the precision of the parallel estimates of relatedness between groups is dependent on the number of individuals (and the number of loci) sampled. Because the genotypes of multiple individuals from each group are used to estimate the relatedness between groups, those estimates will be more precise than those of relatedness between diploid individuals. Therefore, whereas the precision of estimates of genetic measures based on partial pedigree information and the usefulness of management based on pedigree calculations degrades as the level of management moves from individuals to groups, the precision of empirical estimates of population structure and the potential usefulness of molecular data to guide program management increases. Work is needed to explore the relative costs and benefits (in terms of reaching genetic goals as well as resource costs) of more intensive individual and pedigree-based management versus coarser, group level, and empirically guided management. We are unaware of any breeding programs for group-living endangered species that are currently being guided by a molecular characterization of genetic structure each generation, but such methods may become more useful and efficient as it becomes easier, in terms of both time and money, to score large numbers of marker loci for a wider variety of species.
Identifying individuals with rare or important alleles
It has been suggested that molecular data could be used to augment captive breeding programs by characterizing genotypes at genetic loci known to be important to fitness, then managing breeding programs to maximize the retention of valuable alleles. There are two variants on this approach that are worth considering. First, we could select for animals carrying alleles believed to be especially important, such as variants at the major histocompatibility complex loci (Hedrick 2002; Hughes 1991) . Second, we could measure variation at random loci, and then preferentially breed those animals that appear to carry the rarest alleles. In theory, this approach could produce a population with even more gene diversity than was present in the wild population, by creating more equal allele frequencies than existed in the source population.
Although these ideas deserve more evaluation, we would caution, as have others (Vrijenhoek & Leberg 1991) , that there are some potential drawbacks. First, we know only few of the many loci that might be critical to individual fitness and population viability. If we select breeding pairs on the basis of those few loci about which we do know something, we are likely to cause rapid depletion of genetic variability at other loci that may be just as important (Lacy 2000; Hedrick 2001) . Because the alleles that are advantageous will depend on the environment in which the animals live, many alleles that encode adaptations important in natural environments may be neutral or even deleterious in a specific captive environment.
A strategy of preferentially breeding animals that have the rarest alleles, without trying to prejudge which alleles will be most advantageous, has perhaps more merit than attempts to select the animal with superior alleles. Even this strategy has risks, however. Initially rare alleles may have been rare for a good reason. Selecting for them may increase frequencies of mutations that were deleterious in natural populations. We may be on safer ground if we use strategies that attempt to minimize the rate at which the populations in captivity diverge genetically from the genotypic composition of the wild populations from which they came, rather than trying to improve upon the results of the prior evolution in wild populations. If the divergence at sampled loci is indicative of genetic divergence across the genome as a whole, identifying individuals that carry unique or rare alleles at presumably neutral loci (e.g., microsatellites) also could be used as a means of selecting priority breeders that may be more likely to carry rare alleles at other loci throughout the genome. This selection of breeders is exactly the aim of incorporating molecular estimates of relatedness into pedigree analyses previously discussed, so there is little to be gained by otherwise or further targeting rare alleles for augmentation in a conservation breeding program.
Unresolved needs and unexploited opportunities
This chapter has focused on plausible methods for incorporating empirical estimates of relatedness into captive breeding programs. Areas that require further research have been mentioned throughout, but here we summarize the most critical research needs. There has been a moderate amount of work on how well genetic goals can be achieved by using various schemes for selecting priority breeding pairs (e.g., Willis 1993; Haig et al. 1994; Ballou & Lacy 1995; Willis 2001; Jones et al. 2002; Ivy et al. 2009 ). Much more work is needed, however, to evaluate the effectiveness of alternative methods for preserving genetic variation in captive populations, especially under various conditions of species biology, varying information availability, and rigor of management. At this time, managers of captive populations of endangered species have little guidance on which strategies to employ, particularly when it comes to incorporating molecular data into genetic management.
Incorporating molecular estimates of r into genetic management
The accuracies of r estimates need to be further explored, to identify how exact r estimates must be to improve, rather than degrade, genetic management. Thus, before estimates of r are incorporated into mean kinship calculations, appropriate precisions for those estimates must be defined. If estimates of r are to be used to place pairs of individuals into relationship categories, acceptable misclassification rates also must be identified. It is likely that different levels of r-estimate accuracy will be acceptable for different pedigrees, so a range of pedigrees that exhibit variable amounts of unknown ancestry should be considered when investigating these questions.
Assessing the role of selection
Almost all methods used to manage captive breeding programs were developed from genetic theory that presumes that genetic variation is neutral. The variation that is important to population persistence is, by definition, under selection (at least during some times), however. It is possible that calculations based on neutral theory provide accurate enough projections of genetic changes in captive populations, especially if the captive environment removes many of the selective pressures that sculpted genomes in the wild. Models that include plausible selective forces need to be examined, however. More needs to be known about the role of natural selection in captive populations (Frankham et al. 1986) , with respect to both useful adaptation and removal of deleterious alleles (Arnold 1995; Lacy & Ballou 1998 ) and possibly harmful consequences for long-term population fitness and preservation of species characteristics (e.g., Frankham & Loebel 1992; Bryant & Reed 1999; Frankham et al 2000) . Montgomery and coworkers (2009) recently reported that diversity at microsatellite loci is lost from managed captive populations more rapidly than expected based on neutral theory, presumably due to linkage to loci under selection. We need more information on the strength of natural selection in captive populations, the nature of the alleles favored or eliminated, and the rate of response under different breeding conditions.
Resources for quantitative genetic analysis
There is a largely untapped potential for captive populations of wild species to serve as a resource for studies of the genetic control and evolution of quantitative traits (Arnold 1995) . Quantitative genetic partitioning of variance in traits has long been an important tool in identifying the genetic variation available for manipulation in domesticated species and in elucidating the past evolutionary forces in wild species (Falconer & Mackay 1996; Roff 1997; Lynch & Walsh 1998) . Traditionally, such methods depended on specific crosses or correlations among classes of relatives, so most work has involved domesticated species or laboratory strains. It has been assumed that studies on such experimental populations that are removed from their wild ancestors by many generations of selective breeding will still reveal information about the structure of genetic variation in quantitative traits. Yet, thousands of species of wildlife are propagated in zoological parks, and some have pedigrees extending back five or more generations. Therefore, the raw material exists for quantitative genetic studies not just on guinea pigs, Mus, and Drosophila, but also on many other species representing most orders of mammals, birds, reptiles, and amphibians.
The pedigrees from most wildlife captive breeding programs are complex and, after the first generation or two, contain few cases of simple relationships (such as full-siblings and half-siblings) that are not also confounded by other paths of common ancestry. Therefore, many pedigrees from conservation breeding programs could provide only limited data for methods that depend on analyses of resemblance among discrete classes of relatives. With the development, however, of estimation procedures for using complex pedigrees to estimate variance components (Kruuk & Hill 2008) , the pedigrees of zoo populations become a potentially vast source of data for such studies (Pelletier et al. 2009 ). These methods have been applied increasingly to wild populations, but the depth of pedigrees in such studies is rarely to the extent available from many captive populations. When such analyses depend on and presume accurate pedigrees, molecular genetic tools provide the means to fill in gaps, resolve uncertainties, and correct errors. As discussed earlier in text, however, the power of molecular data to reconstruct pedigrees with confidence is often limited (Ivy et al. 2009 ). The mostly complete pedigrees of many captive populations may provide a more useful starting point for such work than the largely unknown pedigrees of wild populations, which often must be constructed entirely from molecular data.
"Animal models" that use matrices of relatedness estimates but do not require reconstructed pedigrees are also now available (Frentiu et al. 2008) , and molecular genetic data on samples from captive populations could be a valuable resource for such work. When populations with complete pedigrees are also extensively sampled for molecular genetic characterization, they would provide the opportunity to directly compare pedigree-based and pedigree-free animal models for estimating components of genetic variance (see Chapter 6 by Nichols & Neale).
SUMMARY
The most significant limitation of using pedigree-based analyses to demographically and genetically manage captive populations is that management can be severely hindered by inaccurate or incomplete pedigrees. Molecular data can improve the genetic management of captive breeding programs when pedigreebased management is ineffective, by helping to meet the standard genetic goals of retaining gene diversity and limiting the accumulation of inbreeding. The most basic use for molecular data in captive breeding programs is to resolve pedigree errors and gaps. For pedigrees with deep, unknown ancestries, empirical estimates of r also can be used to calculate kinships or to identify relationship categories for pairs of living individuals. Molecular data also could be used to guide the genetic management of group-living species through the empirical characterization of within-and between-group genetic structure, although we are unaware of any breeding programs that have yet attempted to do this. Although it is clear that there are many methods for incorporating molecular data into the management of captive breeding programs, additional research is still needed in a variety of areas to further clarify which strategies for incorporation are the most effective. Furthermore, it also should be noted that, for the many species that can be maintained and propagated in tightly controlled paired breeding, the recording of parentage information, pedigree calculations, and identification of optimal breeding pairs is simple, precise, and inexpensive, so it is unlikely that it will be P1: ICD February 26, 2010 21:18 
